Abstract Sulfides entering subduction zones can play an important role in the release of sulfur and metals to the mantle wedge and contribute to the formation of volcanic arc-associated ores. Fractionation of stable sulfur isotopes recorded by sulfides during metamorphism can provide evidence of fluid-rock interactions during metamorphism and give insights on sulfur mobilization. A detailed microtextural and geochemical study was performed on mineralized samples from two ocean floor-related sulfide deposits (Servette and Beth-Ghinivert) in high-pressure units of the Italian Western Alps, which underwent different metamorphic evolutions. The combination of microtextural investigations with d 34 S values from in situ ion probe analyses within individual pyrite and chalcopyrite grains allowed evaluation of the effectiveness of metamorphism in modifying the isotopic record and mobilizing sulfur and metals and have insights on fluid circulation within the slab. Textures and isotopic compositions inherited from the protolith are recorded at Beth-Ghinivert, where limited metamorphic recrystallization is attributed to limited interaction with metamorphic fluids. Isotopic modification by metamorphic processes occurred only at the submillimeter scale at Servette, where local interactions with infiltrating hydrothermal fluid are recorded by metamorphic grains. Notwithstanding the differences recorded by the two deposits, neither underwent intensive isotopic reequilibration or records evidence of intense fluid-rock interaction and S mobilization during metamorphism. Therefore, subducted sulfide deposits dominated by pyrite and chalcopyrite are unlikely to release significant quantities of sulfur to the mantle wedge and to arc magmatism sources at metamorphic grades below the lower eclogite facies.
Introduction
Subduction zones play an important role in global element geochemical cycles. Subduction, magmatism, and hydrothermal circulation through ocean crust are the processes that control the exchange of major, minor, and trace elements between the Earth's interior and the atmosphere [e.g., Scambelluri et al., 1997; Hoffman, 1998; Plank and Langmuir, 1998; Kerrick and Connolly, 2001; Manning, 2004; Bebout, 2007] . Subduction of hydrated ocean lithosphere drives metamorphic devolatilization reactions that produce H 2 O and CO 2 -bearing fluids, which migrate to the slab-mantle interface [Kerrick and Connolly, 2001] . H 2 O-rich fluids may then transfer leached chemical species from the slab into the mantle wedge. Water release from the slab is considered necessary for hydration of the originally anhydrous mantle wedge and facilitates partial melting [e.g., Schmidt and Poli, 1998; Manning, 2004; Scambelluri et al., 2004] .
formation of volcanic arc-associated ores, such as porphyry copper deposits [e.g., Sillitoe, 1972a Sillitoe, , 1972b Sawkins, 1990; Evans and Tomkins, 2011; Hannington, 2013; Evans et al., 2014, and references therein] . Evidence that slabderived fluids contaminate the overlying mantle wedge and arc magmatism sources is provided by S isotopes. High d 34 S values extracted from sulfide inclusions in eclogite-facies diamonds [Chaussidon et al., 1987] and from bulk arc glasses and basalts [e.g., Alt et al., 1993; de Hoog et al., 2001 ] have previously been interpreted as evidence that slab-derived 34 S-enriched fluids were added to the mantle and to the magmatic source of arc volcanism.
Moreover, slab-derived sulfur may contribute to the redox budget of the mantle wedge and possibly influence the redox state of arc magmas [Evans, 2006 [Evans, , 2012 Kelley and Cottrell, 2009; Evans and Tomkins, 2011] . Sulfur can occur in different oxidation states (valence 22, 21, 0, 14, or 16) and may be released by processes associated with subduction, possibly after a change in valence due to oxidation-reduction reactions. Since one mole of S 61 has the potential to oxidize eight moles of Fe 21 to Fe 31 when S 61 is reduced to S 22 [Kelley and Cottrell, 2009] , S may be a significant oxidant of subarc mantle.
Sulfide deposits are widespread in the Italian Western Alps and Northern Apennine ophiolites. These ophiolites are portions of the oceanic lithosphere of the Piedmont ocean of Jurassic to Late Cretaceous age [e.g., Lemoine et al., 1987, and references therein; Polino et al., 1990; Rubatto et al., 1998; Castellarin, 2001; Dal Piaz et al., 2003; Carminati and Doglioni, 2012] . Ophiolites from the Western Alps are pervasively affected by subduction-related metamorphism and deformation.
In this paper, we investigate two ocean floor-related sulfide deposits from the Western Alps: the blueschists-facies Beth-Ghinivert (Chisone Valley) and the eclogite-facies Servette (St. Marcel Valley) deposits. These deposits underwent polyphase metamorphism from high pressure-low temperature (HP-LT) to greenschist facies during the Alpine Orogeny.
A combination of textural observations, maps of trace element relative abundances, and in situ analyses of d 34 S within individual pyrite and chalcopyrite grains (SIMS analyses) allows evaluation of the extent of recrystallization and fluid-rock interaction during metamorphism. The comparison between the two deposits allows assessment of the relative roles of temperature, infiltration of external fluids, and deformation on the metamorphic evolution of sulfide mineralization. Results are used to constrain the nature of metamorphic fluids in the subduction zones and the role of high-pressure metamorphism in the mobilization of sulfur and metals of economic interest.
Overview of Sulfur Isotopes

Ocean Floor-Related Sulfide Deposits
Several studies indicate that d 34 S values in sulfides found in unaltered mid-ocean ridge gabbros and basalts (20.3 6 2.3& in MORB basalt) approach the composition of sulfides in meteorites (Figure 1 ) [Ohmoto and Rye, 1979; Seal, 2006; Marini et al., 2011] . Sulfides from ocean-floor hydrothermal and sedimentary deposits, on the other hand, show heterogeneous d
34
S values (ranging from 250 to 40&), at all scales from deposit S variability for sulfides from different terrestrial reservoirs, meteorites, and for modern seawater sulfate. Data represented with black solid lines were taken from Ohmoto and Rye [1979] , Seal [2006] , and Marini et al. [2011] . Gray lines for ophiolites from the Apennines and Ligurian Alps [Garuti et al., 2009; Alt et al., 2012] and from the Western Alps and New Caledonia [Evans et al., 2014] . Black dotted lines refer to the present work.
to single crystal, due to organic and inorganic processes of isotopic fractionation (Figure 1 ) [e.g., Sangster, 1971; Janecky and Seyfried, 1984; Alt and Chaussidon, 1989; Cook and Hoefs, 1997; Velasco et al., 1998; Garuti et al., 2009] .
Sulfur isotope fractionation is controlled by redox conditions, temperature, pH, and kinetic factors [Bachinski, 1969; Ohmoto and Rye, 1979; Ohmoto and Lasaga, 1982; Ohmoto and Goldhaber, 1997; Seal, 2006] . Therefore, variation of d 34 S at deposit and microscale can be due to a combination of processes, such as mixing of different S sources (i.e., S-bearing fluids separated from magmas, sulfides leached from host magmatic or sedimentary rock, organically and/or inorganically reduced seawater sulfate), cooling of hydrothermal fluids, kinetic effects during precipitation of S-bearing minerals in open and closed systems, and variations of pH and Eh conditions [Ohmoto and Rye, 1979; Puchelt and Hubberten, 1980; Alt and Chaussidon, 1989; Strauss and Schieber, 1990; Calvert et al., 1996; Seal, 2006] .
Insights From Obducted and Subducted Ophiolites of the Piedmont Ocean
Deformation, recrystallization, dissolution-precipitation, fluid-rock interaction, diffusion, and isotopeexchange reactions occurring during metamorphism are likely to cause progressive rehomogenization of isotopic compositions within sulfides at different scales, even though primary isotope distribution patterns have been in part preserved in many metamorphosed deposits [e.g., Sangster, 1971; Cook and Hoefs, 1997; Alirezaei and Cameron, 2001; Wagner and Boyce, 2006; Evans et al., 2014] .
Sulfide deposits from the Apennines, which did not undergo subduction, are likely to record isotopic characteristics similar to those that may have existed in sulfide deposits in the Western Alps before they underwent HP metamorphism. Bulk mineral analyses of S isotopes have been performed on a number of sulfide deposits hosted by Northern Apennine ophiolites [Garuti et al., 2009] . This bulk mineral approach does not allow an evaluation of intracrystalline heterogeneities. Nevertheless, the authors found that d 34 S was heterogeneous at sample scale in all the different settings and sampling zones investigated: d
34
S values in sulfide ores deposited at the ocean floor range from 20.6 to 11.3& (one outlier value 5 22.8&) for pyrite and from 22.9 to 11.4& for chalcopyrite [Garuti et al., 2009] . Schwarzenbach et al. [2012] , who performed bulk rock analyses of serpentinites and ophicalcites from the Northern Apennines, found d 34 S ranges between 221.7 and 4.3&.
Previous bulk mineral studies of sulfides in the HP-serpentinites from the Voltri Massif in Ligurian Alps and from Monviso in Coattian Alps [Hattori and Guillot, 2007] produced d 34 S values that can be ascribed to seafloor serpentinization. No evidence of changes in S isotopes can be associated with HP recrystallization in these serpentinites.
Evans et al.
[2014] performed in situ S isotope investigations and mapped trace elements of disseminated sulfides in basic eclogites from the Zermatt-Saas Zone and in transitional eclogites from New Caledonia. They found that d 34 S in pyrite ranges from 212& to 17& in the studied samples with variations up to 15& within a single pyrite crystal and, commonly, polymodal distributions of isotopic ratios. They used a combined textural and geochemical approach to interpret the observed isotopic heterogeneities, which were consistent with limited metamorphic reequilibration of S isotopes in the two studied areas. The authors conclude that many of the sulfides from the two localities preserve hydrothermal features, with localized metamorphic recrystallization and, possibly, addition of slab-derived S during the retrogression.
Geological Settings
Beth-Ghinivert
The Beth-Ghinivert deposit lies in the Chisone Valley (Western Alps, Italy; Figure 2 ) and belongs to the Schistes Lustr es Unit of the Piedmont Zone. The Schistes Lustr es Unit crops out between the neighboring metasedimentary Brianconnais Unit (to the west) and the underlying Dora-Maira Unit to the east. The Schistes Lustr es is a main metasedimentary unit and consists of poly-deformed calcschists (calcareous shales and pelites) that were deposited from late Jurassic onward on the Piedmont Ocean floor [e.g., Dal Piaz et al., 1972; Lemoine et al., 1986; Lemoine and Tricart, 1986] . Meter to kilometer-sized blocks of mafic and/or ultramafic rocks of ophiolitic affinity are scattered within these pelagic sediments, which are part of the internal Sestriere and Fenestrelle and suggested that maximum P-T conditions increase significantly from west to east and range from 1.2-1.3 GPa and 300-350 C in the west up to 2.0-2.1 GPa and 450-530 C in the east.
At Beth-Ghinivert, meter to decameter-sized blocks of metabasite occur as scattered irregular bodies within the calcschists and record a polymetamorphic evolution at epidote-blueschist and greenschist-facies conditions. Giacometti and Rebay [2013] proposed a metamorphic peak at 1 GPa and 492 6 35 C followed by reequilibration at 0.82 6 0.12 GPa and 457 6 30 C. Relicts of the HP parageneses (blue amphibole, white mica, chlorite, epidote, albite, quartz, minor titanite and, locally, sulfides) survived the retrogression, which occurred at 0.5 6 0.1 GPa and temperatures below 450 C [e.g., Agard et al., 2001] .
A 0.25-2.5 m thick zone of pyrite-rich stratiform mineralization is associated with the metabasites (metagabbros, glaucophanites, and greenschist-facies metabasites) and the calcschists [Novarese, 1900; Bouquet and Forette, 1973; Giacometti and Rebay, 2013] . The deposit was exploited during the nineteenth century for copper. Novarese [1900] asserted that the mineralized horizon has a lateral extension of at least 400 m (parallel to dip), a mean thickness of 0.5 m, and is continuous, parallel to the direction of strata, to a depth of at least 80 m. Disseminated sulfides occur in the metabasites at the contact with the stratiform mineralization.
According to Novarese [1900] , the metabasite is locally impregnated by sulfides. At least two different generations of pyrite have been recorded at Beth; common relicts preserving colloidal textures, which are typical low-temperature hydrothermal features, are overgrown by cubic metamorphic pyrite [Natale, 1966 [Natale, , 1969 Natale and Visetti, 1980] . These features are revealed by chemical etching. A sedimentary-exhalative origin on the Piedmont Ocean floor is proposed for the Beth-Ghinivert deposit [e.g., Natale and Visetti, 1980] . belonging to the Piedmont Ocean, which was subducted below the Apulian margin between $50 and 40 Ma [e.g., Lemoine et al., 1986; Polino et al., 1990; Rubatto et al., 1998; Dal Piaz et al., 2003 ].
The Zermatt Saas Zone is considered to be composed of ophiolitic slices that recorded different P-T paths during the Alpine orogeny [e.g., Martin et al., 2008; Rebay and Powell, 2012] . This interpretation is controversial; Angiboust et al. [2009] proposed that the Zermatt Saas Zone is a continuous slice of oceanic lithosphere that records relatively homogeneous pressure and temperatures. Exhumation to below 350 C occurred around 44 Ma [Hunziker, 1974; Barnicoat and Cartwright, 1995] .
Servette is the site of an economically exploited Fe-Cu sulfide deposit that has been interpreted as the product of extensive hydrothermal alteration of the seafloor. The rocks underwent eclogite-facies metamorphism, but eclogites sensu stricto (omphacite 1 garnet rocks) are rare at Servette. Interlayered glaucophanites, chlorite schists, and talc schists are the dominant lithologies [Castello, 1981; Cartwright and Barnicoat, 1999; Martin et al., 2008; Rebay and Powell, 2012] . These different rock types have been attributed to different styles of hydrothermal alteration. The talc schists were considered as evidence of up-flow zones in black smoker-type environments, whereas the glaucophanites and chlorite schists formed in zones of downward, up-temperature, pervasive, fluid flow [Cartwright and Barnicoat, 1999; Martin et al., 2008] . Sulfides at Servette include pyrite, chalcopyrite with accessory sphalerite, bornite, pyrrhotite, neodigenite, marcasite, mackinawite, and rare native copper [e.g., Tartarotti et al., 1986; Krutow-Mozgawa, 1988; Martin et al., 2008] .
The sulfide mineralization is concentrated in two major 3-4 m thick layers, and some minor layers (less than 1 m) intercalated between chlorite schists and glaucophanite. Sulfides are also disseminated in the host rocks [Martin et al., 2004] . This deposit was exploited from the Middle Ages (or probably Roman times) up to the 1950s with several interruptions of activity [Martin et al., 2004] . Martin et al. [2008] proposed a polymetamorphic evolution for Servette, starting with ocean-floor metamorphism followed by Alpine prograde blueschist facies toward peak eclogite-facies metamorphism at 550 6 60 C and 2.1 6 0.3 GPa. P-T-peak conditions of 2.3 GPa and 530 C were proposed by Angiboust et al.
[2009]. The extent of greenschist-facies retrogression is variable at Servette [Martin et al., 2008] .
Methods
In Situ S Isotope Analyses
Eight samples of massive and disseminated mineralization (six from Servette and two from Beth-Ghinivert) were selected after a detailed petrographic study was performed using transmitted and reflected light microscopy on thin sections and reflected light microscopy on corresponding rock billets. The chosen samples were cut and mounted in EPOFIX epoxy with the in-house pyrite standard Sonora 3.
The mounts were polished with diamond paste down to 0.25 mm, cleaned, and a 30 nm gold coating was applied on the mount surface. In situ analyses (a total of 491 on unknowns and 188 on standards) were performed at the Centre for Microscopy, Characterization and Analysis (CMCA) at The University of Western Australia in Perth (WA) using a CAMECA IMS 1280 ion probe.
Development of the in-house pyrite standard (Sonora 3) is described by Evans et al. [2014] . Briefly, Sonora 3 standard is subsamples taken from a 1 cm 3 subsample of pyrite from a large 9 kg cube. The IMS-1280 was used to test the isotopic heterogeneity of the Sonora 3 material, and the absolute d 34 S value obtained by laser fluorination at McGill University is 1.61 6 0.08& relative to VCDT (Vienna Canyon Diablo Troilite).
A 10 keV, 1 nA focused Cs 1 ion beam was used to presputter the analysis area for 10 s before automatic secondary centering and 10 3 4 s analysis cycles were acquired. 32 S 2 , 33 S 2 , and 34 S 2 secondary ions were collected using Faraday cup detectors and NMR regulation was used for all analyses. An electron gun was used for charge compensation. Other conditions include: 133X magnification between the sample stage and field aperture (FA), 4000 mm FA, 40 eV energy window with a 5 eV offset to the high-energy side, 70 mm entrance slit, and 500 mm exit slits.
All the d 34 S values reported in this paper are referenced to VCDT (Vienna Canyon Diablo Troilite). Matrix corrections for pyrite were made using the laser fluorination d
34
S for the Sonora 3 standard to calculate the IMF on a daily basis. Matrix corrections for chalcopyrite were made using a matrix correction factor for chalcopyrite relative to pyrite obtained from multiple analyses of chalcopyrite on the SIMS IMS 1280 at the Geochemistry, Geophysics, Geosystems CMCA and laser fluorination measurements of chalcopyrite (n 5 5) standard subsamples at McGill University. Further details of the matrix correction procedure are provided by Evans et al. [2014] . Average external precision (1 SD) for d 34 S analyses of the standards was calculated (for each session day)
from the standard deviation of the drift-corrected d
S values measured in Sonora 3 and range between 0.19 and 0.32&. Overall, the 188 replicates on the Sonora 3 standard performed as part of this work return a d 34 S value of 1.61 6 0.26&. Internal precision ranged from 0.14 to 0.30& (2r 5 0.28-0.60&), which is close to the external precision calculated for the Sonora 3 standard.
EPMA Analyses
Trace element maps for As, Ni, Co, Mn, and Cu for three selected pyrite grains were made to investigate compositional zoning. The maps were obtained using the JEOL 8530F Hyperprobe at the CMCA. Operating conditions were 20 kV accelerating voltage, 100 nA beam current, 50 ms dwell time, and the pixel sizes of 1-2 lm depending on the size and scale of chemical heterogeneity in the area mapped.
Chemical Etching
After SIMS and EPMA analyses, chemical etching was performed using a 6M HNO 3 solution to reveal textural features. The solution was dropped on the mounts and left for 20 min and the mounts were then inspected. This process was repeated until textures were revealed. Observed features were correlated with those detected by in situ S analysis.
Petrographic Description
Samples From Beth-Ghinivert
The two samples from Beth-Ghinivert were collected from an outcrop at one of the mine entrances (44 57 0 20.87 00 N 6 59 0 42.44 00 E). Sample BE51 comes from a stratiform 30 cm thick massive mineralization at the base of a hectometer-sized metabasite block, which lies within the calcschist sequence. The sample consists of pyrite ($60 vol %), with tiny sphalerite and rare bornite inclusions, and quartz ($40 vol %). Chemical etching with 6 mol/L HNO 3 allowed recognition of complex textures related to several growth stages and the local occurrence of metamorphic recrystallization of irregular to polygonal aggregates (Figure 3a) .
Sample BE66 was collected at the top of the stratiform 30 cm thick massive mineralization (where BE51 comes from), at the contact with the metabasite. This sample consists of two regions with different modal composition and textural features. The first region consists of mostly euhedral to rounded pyrite ($59 vol %) that contains frequent bornite, chalcopyrite, sphalerite, and a few pyrrhotite inclusions, generally anhedral chalcopyrite ($40 vol %), minor quartz ($1 vol %), and accessory magnetite ( Figure 3b ). The second region is composed of chlorite ($40 vol %), quartz ($40 vol %), minor fine-grained sulfides (pyrite and chalcopyrite; $20 vol %), and accessory white mica ( Figure 3c ). The mineralization is moderately deformed, but folding and kink-banding occur in the silicate-rich portion at its margins ( Figure 3c ). We focused our attention on the sulfide-rich portion of the sample, where crystals were large enough to be studied in detail.
Samples From Servette
Six samples were analyzed from four lithologies (chlorite schist, glaucophanite, talc schist, and massive mineralization Samples SE13 and SE14 are from garnet-bearing chlorite schists. These samples consist mostly of chlorite (up to 60 vol %) with up to centimeter-sized garnets ($23 vol %), sulfides ($10 vol %, pyrite and chalcopyrite with rare tiny sphalerite and galena inclusions), quartz ($5 vol %), chloritoid porphyroblasts ($2 vol %), and accessory talc, albite, rutile (rimmed by ilmenite), blue amphibole (only in SE13), and late magnetite (Figures 4a and 4b ). The garnet crystals are zoned with respect to inclusion assemblages. Quartz, titanite, pyrite, and chalcopyrite inclusions are aligned along a relict foliation in the core of garnets. Scattered quartz, pyrite, talc, and rutile (rimmed by ilmenite) inclusions occur at the rim of crystals. Chloritoid and garnet rims are partially replaced by late chlorite, which also occurs with magnetite in fractures within porphyroblasts.
In the matrix, chlorite, quartz, pyrite (which includes rutile), minor chalcopyrite, and rare blue amphibole in SE13 are aligned parallel to the pervasive HP foliation. Quartz, chlorite, and talc (6blue amphibole and albite in SE13) occur in the pressure shadows of garnet and chloritoid porphyroblasts.
Sample SE8 is a garnet-bearing glaucophanite. Garnet ($30 vol %), chloritoid porphyroblasts ($5 vol %), and pseudomorphs after lawsonite porphyroblasts (consisting of epidote, phengite, paragonite, and albite; $20 vol %) occur within a foliated matrix made of glaucophane ($33 vol %), clinozoisite ($4 vol %), and talc ($5 vol %). Garnet and chloritoid are up to 9 mm in diameter and are partially replaced by late chlorite at crystal rims and along fractures where rare tiny magnetite crystals were found. Garnets include rutile (locally rimmed by ilmenite), quartz, glaucophane, rare talc, and pyrite. These phases locally define a spiral internal foliation that testifies that garnet porphyroblasts grew simultaneously with the development of the external foliation. Rutile in garnet and chloritoid both includes and is included by sulfides. Pyrite ($2 vol %), chalcopyrite ($1 vol %), and rare bornite and sphalerite in the matrix are stable with garnet, glaucophane, chloritoid, rutile, and clinozoisite ( Figure 4c ).
ATSV-001 is a garnet-sulfide-rich talc schist (Figure 4d) , with 2-5 mm diameter garnet ($40 vol %), pyrite ($25 vol %), chalcopyrite ($5 vol %), felty-looking talc ($20 vol %), and chlorite ($10 vol %) and accessory quartz. The garnet forms a framework of subequant grains. Pyrite occurs as submillimeter inclusions in garnet and with chlorite found in cracks in garnet. Polygranular patches of pyrite up to a few mm across occur in the matrix. Chalcopyrite typically surrounds matrix pyrite ( Figure 4d ) and is occasionally intergrown with silicates without pyrite. Talc, which is often iron stained, occurs in felty, deformed masses between pyrite grains. Chlorite occurs on the rims of garnet, and as laths that crosscut talc. Rutile, rimmed by ilmenite, is included in garnet and contains fine exsolution laminae and blebs of hematite. Sample SER18 contains the contact between a massive pyrite-chalcopyrite glaucophanite (SER18gl; Figure  4e ) and a garnet and sulfide-bearing mineralization (SER18m; Figure 4f ).
The glaucophanite (SER18gl) is mainly made of glaucophane ($35 vol %), garnet ($30 vol %), pseudomorphs after lawsonite (consisting of epidote, phengite, paragonite, and albite $17 vol %), sulfides (pyrite with subordinate chalcopyrite and rare bornite; $16 vol %), minor quartz, and chlorite and accessory talc. Chalcopyrite is present both in the matrix and as inclusions in garnets whereas pyrite is common in the matrix, but only a few micrometer-sized inclusions occur in garnet (Figure 4e ).
The massive mineralization (SER18m) is mainly made up of pyrite ($45 vol %), garnet ($25 vol %), chalcopyrite ($15 vol %), and quartz ($15 vol %). Rutile rimmed by ilmenite occurs as an inclusion in garnet in both SER18gl and SER18m. The modal abundance of garnet increases toward the contact with the metabasite. Pyrite is present both in the matrix and as inclusions in garnet whereas only interstitial chalcopyrite is 
Isotope Characterization
Minimum, maximum, and average d 34 S values, standard deviations, and the number of analyses are summarized in Table 1 .
6.1. Samples From Beth-Ghinivert 6.1.1. BE51 (Massive Mineralization) The d 34 S of pyrite ranges from 21.4 to 6.4& within a distance of 1 mm (Figures 5a, 5b , and 6a and Table 1 ).
There is no obvious correlation between isotopic variations and growth textures or with textures related to metamorphic recrystallization (Figures 5a-5c ).
Qualitative element mapping shows that the concentration of Mn shows a pattern consistent with growth zoning (Figure 5d ). However, d 34 S values in the same aggregate of pyrite crystals are scattered and do not correlate with Mn distribution (Figure 5d ). Metamorphic recrystallization textures are not related to Mn zoning and growth textures or to sulfur isotopes variations.
BE66 (Mineralization Close to the Country Rock)
The d 34 S value ranges from 20.7 to 3.8& in pyrite (average value 5 1.7& 6 0.9&, n 5 61) and from 26.7
to 24.6& (average value 5 25.2 6 0.6&, n 5 14) in chalcopyrite ( Figure 6b and (Figure 5f ). lowest Co-As abundance, and texturally late Corich pyrite is partially replaced by Co-poor pyrite, but there is no consistent correlation between the Co-As distribution and d 34 S.
6.2.2. SE8 (Glaucophanite) d 34 S measured in pyrite from the matrix (average 9.5 6 1.5&, n 5 39; Figure 9a and Table 1 ) is significantly heavier than d 34 S observed in the few tiny pyrite inclusions in garnet (20.8 and 2.4&; Figure 10a and Table 1 ). Values measured in the matrix are mostly in the 8-10& range with four analyses around 13-14&, and variations up to 5.8& within a 60 mm crystal (Figures 9a and 10d ).
Only one chalcopyrite crystal in the matrix was large enough to be analyzed. (Figures 9b and 10d-10e ). The average d 34 S is 2.2 6 0.4& (n 5 6) in the matrix and 2.5 6 0.2& (n 5 12) in a later vein (Figures 10d-10e) . The D av.py-ccp value in the matrix is 5.9 6 1.7&.
There is no evidence of a systematic relationship between pyrite d 34 S values and location within the grain or with proximity to chalcopyrite (Figure 9b) . Apart from two high d 34 S values recorded in the matrix, which were rechecked and found to be robust, the isotopic composition in garnet inclusions and in the matrix are statistically undistinguishable (see Table 1 ).
SER18gl (Glaucophanite)
Pyrite is widespread in the matrix (Figure 11a ), but only a few very small inclusions occur in garnet and these were too small (<10 mm) to be analyzed. 3-4& and 5-7.1&, respectively, occur in the rim of the same pyrite crystal as that in which the lowest values are observed.
In chalcopyrite, d
34 S is relatively spatially homogeneous ranging from 24 to 23.6& in garnet inclusions (average d 34 S 5 23.8 6 0.2&, n 5 8; Figure 12a ) and from 23.4 to 23& in the matrix (average d 34 S 5 23.3 6 0.3&, n 5 7; Figure 12b and Table 1 ). The D av.py-ccp value in the matrix is 6.2 6 3.1&.
SER18m (Massive Mineralization)
The d The isotopic compositions of pyrite in garnet, pyrite in the matrix, and chalcopyrite in the matrix are significantly different and rather homogeneous within each category (1r 0.6&; Table 1 ). This is in contrast with observation from the host rock SER18gl, where pyrite in the matrix is extremely heterogeneous.
Discussion
Length Scales of Sulfur Isotopic Disequilibrium
The combined textural and isotopic investigation shows that isotopic equilibrium at Servette and BethGhinivert occurs on very limited length scales, if at all:
1. In both deposits, the d 34 S composition of pyrite is heterogeneous (with variations up to 9.4& at Servette and up to 7.8& at Beth-Ghinivert) at the submillimeter scale, indicating limited length scales of equilibrium (Figures 5a, 5b , and 11). Mean d
34
S values in a given sample have 1r standard deviations up to 2.9&, which are greater than the internal precision of the analyses (2r 5 0.28-0.62&; see section 4.1 and Table 1 ).
2. Sulfur isotope in chalcopyrite may have reequilibrated on longer length scales than in pyrite. Chalcopyrite is relatively homogeneous on the mm scale in any sample with 1r standard deviations in the 0.2-0.8& range (Table 1) .
3. Chalcopyrite and pyrite are not in isotopic equilibrium. Even taking into account the propagation of errors in calculating D av.py-ccp and considering the lowest possible values for each sample, D av.py-ccp is generally greater Geochemistry, Geophysics, Geosystems
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V C 2014. American Geophysical Union. All Rights Reserved. than 3.1& at both deposits, with values up to 10.1&. These values are higher than those expected at either the peak temperature proposed for Servette (i.e., T 5 550 6 60 C) [Martin et al., 2008] and Beth-Ghinivert (492 6 35 C) [Giacometti and Rebay, 2013] and at greenschist-facies retrogression temperatures around 300 C ( Figure   13 ). At these temperatures, D av.py-ccp is expected to be 0.8&, 0.9&, and 1.4&, respectively, based on fractionation factors reported by Seal [2006] (see references therein for details). D av.py-ccp > 6& requires temperatures below 0 C which are not likely, even for processes occurring at the ocean floor.
Preservation of Protolith Isotopic Composition
The limited length scale of isotopic equilibrium observed at Servette and Beth-Ghinivert may have been inherited from the protolith or have developed during metamorphism. At Beth-Ghinivert, primary pyrite growth textures are widespread and unaffected by the limited metamorphic recrystallization. Analogous textures were described by several authors in sulfides at Beth-Ghinivert [Natale, 1966 [Natale, , 1969 Natale and Zucchetti, 1966; Natale and Visetti, 1980] and were interpreted as ocean-floor relicts.
Metamorphic recrystallization appears not to have caused homogenization of Mn and Co growth zoning so d 34 S values are likely to reflect those inherited from the ocean floor ( Figure 5 ). Deformation and metamorphic mobilization of sulfides are extremely localized (millimeter scale) and are always coupled (Figure 3c ). Their mutual occurrence supports an important role for deformation in mobilization of S, as has been suggested for other metamorphosed VMS deposits [Marshall and Gillian, 1993; Tomkins, 2007] .
We therefore propose that most textural and isotopic features at Beth-Ghinivert were produced during ocean-floor metasomatism and that the limited extent of deformation-induced sulfur remobilization is responsible for the preservation of these primary features.
7.3. S Isotopes Records of Metamorphic Processes 7.3.1. Heterogeneous Pyrite At Servette, metamorphic textures are widespread in sulfides (Figure 4b ). In samples SE8, SE14, and SER18gl, pyrite in garnets and some matrix pyrite cores record different compositions compared to pyrite rims in the matrix (Figures 7b, 9a , and 11 and Previous workers have established that effective sulfur diffusion through garnet is unlikely at the temperature of interest, so most of the sulfide inclusions in garnet should have behaved as closed systems after inclusion in garnet, as long as the grains are not close to later veins [e.g., Crowe, 1994; Kawakami et al., 2006] . Therefore, sulfides in garnet should preserve the isotopic composition acquired before garnet crystallization (during pre-Alpine oceanic or during the early stages of prograde metamorphism). Sulfides in the matrix coexist with HP minerals and are likely to record isotopic compositions reflecting peak metamorphism, and/or, possibly, local interaction with retrogression-related fluids.
The limited length-scale isotopic equilibrium recorded by pyrite and disequilibrium recorded by pyritechalcopyrite pairs at Servette can be related to partial reequilibration during subduction-related metamorphism. The isotopic heterogeneities in pyrite recognized in every sample (Figures 8, 10, 12a, and 12b) , and replacement textures revealed by the irregular distribution of Co in pyrite (Figure 7c ) suggest interaction between sulfides and fluids during deformation and recrystallization associated with subduction-related metamorphism. The preservation of this sulfur isotope heterogeneity at the microscale indicates that, at larger scales, diffusive homogenization of S isotope variability in pyrite is minimal, or does not occur at all, at the P-T conditions experienced by these rocks.
Homogeneous Pyrite d 34 S in SER18m
Only sample SER18m records homogeneous d 34 S in pyrite. A possible cause for this homogeneity is that the protolith was homogeneous with respect to d 34 S. However, this hypothesis is considered unlikely because ocean-floor sulfide massive deposits are typically heterogeneous at the microscale, as observed at Beth-Ghinivert [e.g., Sangster, 1971; Janecky and Seyfried, 1984; Alt and Chaussidon, 1989; Cook and Hoefs, 1997; Velasco et al., 1998; Garuti et al., 2009; Alt et al., 2012] . It is therefore more likely that isotopic reequilibration occurred during metamorphism. Isotopic reequilibration may have been facilitated by the high modal abundance of sulfides and by the absence of a silicate matrix [cf. Crowe, 1994] . Alternatively, or additionally, minor dissolution and recrystallization in the pyrite matrix may have provided an effective means to focus metamorphic fluids through the massive mineralization, although the extent to which this may have occurred is not known.
Homogeneous Chalcopyrite
In contrast to the heterogeneous d 34 S observed in pyrite, d
34
S in chalcopyrite is homogeneous, within error, at the mm to cm scale. This observation can be explained by the dramatically different responses of pyrite and chalcopyrite to deformation during metamorphism. Pyrite is brittle during deformation in many natural settings to temperatures well beyond 400 C [Barrie et al., 2011] , whereas chalcopyrite dynamically recrystallizes at temperatures as low as 300 C [Cox, 1987] , depending on the differential stress regime and strain rate. Pyrite is consequently sluggish to reequilibrate and tends to preserve original textural and isotopic features more faithfully than chalcopyrite [Bachinski, 1977] .
Under certain circumstances, this difference in behavior may have contributed to the observed chalcopyrite d Isotopic reequilibration, diffusion rates, and fractionation factors during metamorphism are sensitive to temperature [e.g., Bachinski, 1969; Ohmoto and Rye, 1979; Ohmoto and Lasaga, 1982; Seal, 2006] . If sulfur in fluids was dominated by reduced species such as H 2 S and HS 2 (see below) with a constant isotopic composition during Alpine metamorphism, then evolution of temperatures between 300 and 600 C during prograde and retrograde metamorphism [cf. Hunziker, 1974; Barnicoat and Cartwright, 1995; Martin et al., 2008] would cause less than 2& variation in the d 34 S of pyrite precipitated from a fluid of fixed composition (Figure 13a ). Calculations are based on fractionation factors reported by Seal [2006] . Thus, temperature variation alone cannot explain the 9.4& core-to-rim increase in d 34 S observed in pyrite in sample SER18gl (Figure 11a) , or the 14& garnet-to-matrix increase in sample SE8 (Figures 10a and 10b ).
Pressure
Little is known about the influence of pressure on isotope fractionation, but Reed and Palandri [2006] and Wagner and Boyce [2006] observed that the solubility of pyrite is minimally affected by pressure compared to temperature. Effects of pressure on S speciation and on isotope fractionation were proposed during degassing of magmas [e.g., de Moor et al., 2011] but these processes can be discounted at Servette, where magmas were not formed. We therefore consider that variations in pressure recorded by the samples studied here did not influence S isotope fractionation directly.
pH
There is no general consensus with respect to the effects of pH on S isotope-fractionation during sulfidefluid interaction. However, Wagner and Boyce [2006] indicated that fractionation between different Sbearing aqueous species is essentially controlled by their oxidation state, with limited influence from pH, so pH effects are discounted here.
Redox and Sulfur Speciation
Calculations reported for analogous metallic parageneses suggest that, at peak metamorphic conditions, Wood, 1998; Pokrovski and Dubrovinsky, 2011, and references therein] . These values are an estimate, at least for Servette, because the original calculations were made at pressures 1.1 GPa. Extrapolation is necessary because there are no data available for pressures higher than 1.1 GPa. [2011] proposed that the dominant sulfur species at pressure and temperature above 0.5 GPa and 250 C is the trisulfide ion S 32 , but, due to the limited information currently available in the literature about this ion, estimates of its solubility and of isotopic fractionation between this and other sulfur species cannot be performed. The occurrence of magnetite only in late greenschist-facies veins may record a decrease of S 2 activity and/ or an increase of O 2 activity in retrograde fluids, or it may record the release of ferric iron from prograde minerals such as garnet. If more oxidized fluids were present, then oxidized sulfur species may have coexisted with sulfide phases, with consequences for the sulfur isotope composition of these phases. In this work, we have focused on sulfides Further work is necessary to explore this possibility.
Pokrovski and Dubrovinsky
If
Conceptual Model
The observed limited metamorphic modification of preexisting S isotope heterogeneities is to be expected if the solubility of S in the metamorphic fluids is low, or if fluids are only sparingly present. In either case, S would be mobilized on very limited length scales, and d 34 S values would be controlled by the isotopic composition of the protoliths on these length scales and by fluid:crystal fractionation factors. Thus, the heterogeneities inherited from the protolith may not be strongly modified by the recrystallization process if sulfur isotope equilibration is limited to length scales of 10-100 s of microns. It therefore seems likely that fluid communication was limited at the sample and, as a consequence, at the deposit scale. Pervasive circulation of S-buffered fluids through hydrothermal ore deposits during shallow-level subduction is therefore not supported by the evidence.
Fluid flow at Beth-Ghinivert is likely to have been more restricted than at Servette, given the preservation of primary isotopic features and the limited evidence for fluid release in neighboring areas within the Schistes Lustr es Unit [Agard et al., 2000] . This is consistent with the lower metamorphic P-T conditions at this location and with the estimated structural positions of the deposit in the subducting slab during peak metamorphism ( Figure 14) ; at the depths of $30 km a large amount of water is retained by sediments and by the oceanic crust, as previously observed in other structurally and genetically comparable areas of the Western Alps [Phillipot and Scambelluri, 1996; Agard et al., 2000] . Therefore it is likely that very limited fluid circulation occurred during peak metamorphism Beth-Ghinivert. More intense circulation of metamorphic fluid occurred at Servette, where higher temperatures were attained during subduction, which is consistent with its inferred structural position in the subducting slab (Figure 14 ).
Comparison With Previous Works
A number of other studies have produced results consistent with those presented here and attributed the preservation of d 34 S values inherited from the protoliths to limited water release during metamorphic recrystallization [Alirezaei and Cameron, 2001; Hattori and Guillot, 2007; Alt et al., 2012] . However, there is some evidence for more extensive fluid-induced modification of sulfur isotopes during subduction and exhumation. Alt et al. [2013] attributed the modification of the isotopic composition of sulfides in HP serpentinites from the Betic Cordillera to the release of a significant amount of water. the results of in situ sulfur isotope analysis to infer that contributions from blueschist-retrogression fluids are recorded by metabasites from the Zermatt Saas, but isotopic heterogeneities preserved at the millimeter scale suggest that fluid/rock ratios were not large enough to be compatible with a fluid-buffered system with respect to sulfur.
It is therefore clear that the extent of sulfur isotope modification varies. Likely causes for the variation include the extent to which fluids were focused through the sampled rocks during metamorphism or retrogression, the extent of deformation, and the pressure and temperature conditions. In situ sampling approaches are more likely to recognize limited length-scale equilibration, whereas bulk sampling approaches provide a useful dm-scale average compositions.
Implications for Cycling of Sulfur and Chalcophile Elements in Subduction Zones
Despite the evidence of local interaction of sulfides with S-bearing fluids during the different stages of the metamorphic evolution at Servette, the absence of pyrrhotite and magnetite replacing pyrite (through reactions like FeS 2 5 FeS x 1 (2 2 x)S) suggests limited S release from the deposit itself. This conclusion is consistent with observations by Dale et al. [2009] who studied samples from the Zermatt-Saas Zone and asserted that no significant decrease of S content accompanied recrystallization. Under these circumstances, little or no S would be released from sulfides into the mantle wedge at temperatures lower than, or equal to, those studied.
If breakdown of pyrite and chalcopyrite, which host siderophile and chalcophile elements, in the studied deposits, is limited, then it is unlikely that these elements are mobilized from subducted sulfide ore deposits at pressures and temperatures below that of the blueschist-ecologite transition [cf. Tomkins, 2010] .
Conclusions
Interpretation of S isotopes records in two sulfide deposits from the Italian Western Alps, combined with mineralogical, textural, and geochemical study has provided valuable insights into the mobilization of sulfur and metal-sulfur complexes during the Alpine Orogeny. Evidence of fluid-rock interaction during metamorphism is found at Servette, but not at the lower grade Beth Ghinivert deposit. The low fluid/rock ratio during metamorphism at Beth-Ghinivert is consistent with the depth reached during subduction. Sulfur isotopes were not homogenized at the sample scale within pyrite at either deposit, whereas dynamic recrystallization of chalcopyrite during deformation may have promoted homogenization of S isotopes at short length scales for this mineral.
Neither of the deposits record evidence of intense fluid circulation or sulfide release during metamorphism. Therefore, the release of reduced sulfur to the mantle wedge from subducted sulfide deposits is expected to be minimal at pressure and temperatures less than those of the eclogite facies. [Giacometti and Rebay, 2013] and Servette [Martin et al., 2008] and help distinguish the position of the two deposits in the subducting slab during the eo-Alpine event.
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